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INFORMATION TRANSMISSION USING 
DISPERSIVE OPTICAL CHANNELS 

This application is a division of application Ser. No. 5 
543,231, ?led Oct. 21, 1983, now U.S. Pat. No. 4,478,488 
which is a continuation of application Ser. No. 203,356, 
?led Nov. 3, 1980. 

BACKGROUND OF THE INVENTION 

Transmission of intelligent information via light trav 
eling along glass ?bers is on the threshold of commer 
cial reality. In earlier investigations of appropriate sys 
tems and glass ?ber structures the bulk of the develop 
ment activity has involved single ?bers. However, it is 15 
clear that commercial communication systems will em 
ploy multiple ?bers bound together in some fashion to 
form a multi?ber cable. A part of the recent activity in 
optical systems has focused on manufacturing methods, 
structures, and uses for multi?ber cable. 
There are several potential uses for a multi?ber cable 

in which different ?bers within the cable have different 
transit times for a given cable length. A common pulse 
applied to the ?ber bundle at one end of the cable will 
arrive at the other end in a series of pulses separated by 
the difference in transit times. This kind of ?ber bundle 
has been called an “organ array” and is described in 
U.S. Pat. No. 3,892,468 issued July 1, 1975 to M. A. 
Duguay and assigned to Bell Telephone Laboratories, 
Incorporated. Potential uses for organ arrays appear in 
U.S. Pat. No. 3,838,278 issued Sept. 24, 1974 also to M. 
A. Duguay, describing an optical switching network, 
and U.S. Pat. No. 3,849,604 issued Nov. 19, 1974 to E. 
Benes and M. A. Duguay, describing a time slot inter 
changer for a time division multiplexing system. Fiber 
bundles of this type can be used for more basic func 
tions. Moderate lengths are equivalent to multiple tap 
variable delay .lines. They can also be used as pulse 
generators or for time division multiplexing by combin 
ing the outputs, or as scanners with the spatial dispo 
sition of the output ends of the output plane de?ning the 
raster. The different ?ber lengths can be employed to 
compensate for frequency dispersion when different 
?bers in the array are used to transmit different fre 
quency bands. There are undoubtedly a variety of other 
uses for such ?ber arrays. 

STATEMENT OF INVENTION 

This invention is directed to optical ?ber cables in 
which the transmission paths for individual ?bers in the 
cable are controllably different. It involves a cabling 
operation in which the multiple ?bers are twisted while 
forming the cable. Individual ?bers are spaced from the 
axis of the twist by different distances. This causes some 
?bers to twist more than others and extends physically 
the length of a ?ber located at the outside of the bundle 
compared to one that is nearer the inside of the bundle. 
The most straightforward way to produce such a 

bundled ?ber is to draw several discrete ?bers at once 
and twist them together. Conventional multiwire com 
munication cable is often manufactured by a similar 
method, in that wires are twisted during cabling to 
minimize capacitive coupling between individual pairs 
of wire. However, the multiple wires are typically 
spaced at equal distances from the center of the cable, 
i.e., around one or more circumferences of the cable, so 
that after winding each wire or group of wires is of 
equal length. 
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2 
Proper design of the cabling equipment will produce 

a multi?ber cable of the kind described here by dispos 
. ing the individual ?bers at unequal distances from the 
cable axis as the ?bers are twisted. 

Greater dimensional control over the relative lengths 
of the individual ?bers can be obtained by ?xing the 
position of each ?ber with respect to the cable axis. A 
convenient structure that gives this result is a multicore 
cable, i.e., a single ?ber cable that has more than one 
core imbedded in a single cladding. The position of each 
core relative to the cable axis may be constant through 
out the cable. When this structure is twisted during 
manufacture, the difference in length between the heli 
cal cores is established precisely. 
These and other aspects of the invention are de 

scribed in greater detail in the following sections. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram illustrating the princi 
ple on which this invention is based; 
FIG. 2 is a schematic representation of a three ?ber 

cable twisted to give different transmission lengths; 
FIG. 3 is a sectional view of a multicore cable made 

in accordance with a preferred embodiment of the in 
vention; 
FIG. 4 is a sectional view of an alternative cable 

design in which a plurality of discrete ?bers are twisted 
together to give a structure similar to that of FIG. 1; 
FIG. 5 is a schematic representation of an apparatus 

useful for making the multicore ?ber of FIG. 3; 
FIG. 6 is a representation of a process that is alterna 

tive to that described in connection with FIG. 5; 
FIG. 7 is a schematic diagram of a video encoding 

system using a ?ber cable according to the invention; 
FIG. 8 is a schematic representation of the function of 

the apparatus of FIG. 7 in multiplexing video data onto 
a common optical ?ber transmission channel; and 
FIG. 9 is a multiplexed waveform, a composite of the 

multiple signals shown in FIG. 8. 
The principle on which the various embodiments of 

the invention is based is evident from FIG. 1, taken with 
the understanding that when the ?bers 10, 11, and 12 
making up the ?ber cable 13 are twisted, the overall 
length of each ?ber will be different. Fiber 10, located 
at the cable axis, has a length corresponding to the cable 
length. Fiber 11, located at a distance r1 from the cable 
axis, traverses a helical path and is therefore longer than 
?ber 10 by a distance equivalent to the number of heli 
‘cal turns times the circumference of the helix. The ?ber 
12 is yet longer than ?ber 11 by a factor of r2/r1 (assum 
ing an equal number of turns). 
The principle just described is graphically evident in 

FIG. 2 where the lengths of ?bers 10, 11, and 12 are 
obviously different. 
The ?ber bundle of FIG. 1 is shown with the individ 

ual ?bers separated for simplicity. An actual cable 
would normally contain several more ?bers and all the 
?bers would be cabled in a bundle with the position of 
each ?ber relative to another and relative to the axis of 
the cable ?xed by the position that ?ber is held while 
the cable is formed. For example, individual ?bers turn 
off a reel and the reel is stationed at a ?xed position with 
respect to the cable axis. The bundle is twisted by con 
ventional cabling equipment to give the structure repre 
sented in FIG. 2. In FIG. 2 the helices are shown to be 
congruent, i.e., with equal lengths for each turn of the ' 
helix and with the three ?bers in a common plane (as 
shown in FIG. 1). Neither of these conditions is neces 
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sary to meet the objectives of the invention although 
either may be desired from one or another standpoint. 
The differential length of the respective ?bers is a 

linear variable of the radius of the helix and the number 
of turns in the helix. The latter parameter is expressed as 
turns per cable length, e.g., turns per meter, and can 
vary over wide ranges without critically affecting the 
transmission capability of the cable. The radius of the 
helix depends closely on the nature of the cable struc 
ture being considered. For bundled ?bers, where each 
?ber is located physically by the position of its neigh 
bors, the radius of the helix is determined by the thick 
ness of the ?bers and the order of the ?ber during twist 
ing. The radius for the ?rst order ?ber is simply the 
diameter of the ?bers, assuming the ?bers to have equal 
diameters. If the ?bers are twisted with several ?bers 
“in line” as shown in FIG. 1, the radius for each helix 
will be the diameter of the ?ber times the position of the 
?ber. The “in line” structure is a convenient structure 
from many standpoints and is typically made in cable 
form as a tape. Obviously, a tape twisted about its mid 
dle during manufacture will have sets of two ?bers with 
equal lengths. Tape structures are preferred in the con 
text of the invention because of the tight control af 
forded over the radius dimension. The ease with which 
tapes can be handled, and spliced with the proper ?ber 
to ?ber organization, are traditional bene?ts. A multi? 

. rber tape can also be twisted about either outside ?ber to 
1 produce a continuum of length differentials from one 
side of the tape to the other. 
A preferred form of multi?ber cable is shown in cross 

section in FIG. 3. This cable has a single cladding mate 
rial 30, surrounding a plurality of active cores 31-38 
spaced from the central core 31 by increasing distances 
denoted a-g. This structure will be referred to here as a 
multicore ?ber. The convenience of “immersing” many 
?bers in a single cladding will be appreciated from 

'~ several standpoints; but one that is especially relevant in 
‘ ~~ the context of this invention is the precise control main 

’ tained over the distances a-g as compared with the ?ber 
bundle (FIG. 1) in which these distances are assumed to 
be maintained during the twisting operation. That mul 
ticore ?ber in FIG. 3 is shown coated with a conven 
tional jacket material 39, typically a plastic, for physical 
protection. 
To evaluate the magnitude of the signal delay that is 

obtainable in ?ber structures with typical dimensions 
refer to FIG. 1 and assume that r; is 160 microns. The 
circumference of each helical twist that ?ber 12 under 
goes is 0.1 cm. If the ?ber is twisted, e.g., 10 turns per 
meter, then ?ber 12 will exceed ?ber 10 in length by 1.0 
cm/meter. Over a kilometer of cable the difference 
becomes 10 meters. The velocity of light in glass is of 
the order of 2><108 meters/sec. Therefore the signal 
delay between ?ber 10 and ?ber 12 will be 50 nsec. 
The straightforward ways of increasing or decreasing 

the transmission time between ?bers 10 and 12 is to 
change r; or change the frequency of helical twists. The 
number of twists could presumably vary between a. few 
per meter to several hundred per meter. As the twists 
become “tighter” microbending losses are introduced. 
The dimension r2 can be varied considerably and is 
constrained mainly by the overall size of the ?ber that is 
desired in a particular cable structure. The dimensional 
control between radii, for example between r1 and r; is 
expected to be reasonably assured to tens of microns, 
and perhaps less. 
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Yet another cable con?guration that meets the objec 

tives outlined here is shown in FIG. 4. This structure is 
somewhat of a compromise between those of FIGS. 1 
and 3 in that the radii, e.g., r1, r2, r3, are not ?xed by 
immersing the cores in the cladding as in the structure 
of FIG. 3, but yet are ?xed by the combined radii of the 
cladding or the ?ber coating (or both) in the manner 
evident from the ?gure, and not simply by the organiza 
tion of the ?bers during twisting as in the structure 
exempli?ed by FIG. 1. The structure in FIG. 4 has a 
single “tier” of ?bers about the axial ?ber but additional 
“tiers” could be wound about those shown to create a 
larger bundle. 
FIG. 4 shows a multiplicity of ?bers each having a 

core 40 surrounded by a medium 41. schematically 41 
can be equated with a glass cladding, or a clad ?ber 
coated for protection with a plastic coating or the like 
(not shown). Alternatively the structure of FIG. 4 rep 
resents a plurality of cores 40 coated directly with a 
protective plastic coating 41. An obvious variation of 
those structures is one wherein the diameter of the core 
40 varies to give the desired result, or the diameters of 
40 and 41 both vary. 
The manufacture of multi?ber cables of the kind 

shown in FIGS. 1 and 4 can be accomplished in a 
straightforward way for following existing cabling 
technology and winding together reels of appropriate 
?bers, in the ?rst instance of a common diameter and in 
the second, of varying diameters. Making a multicore 
cable of the kind shown in FIG. 3 requires modi?cation 
of conventional ?ber drawing procedures, although the 
details of the drawing process follow existing technol 
ogy. 
One alternative for drawing multicore ?bers is illus 

trated in FIG. 5. The basic technique relies on the 
known crucible technique described, e.g., by W. G. 
French et al in the Annual Review of Materials Science, 
Volume 5, 1975, pp. 373-394. The crucible technique is 
modi?ed as indicated in FIG. 5 by simply creating sev 
eral internal nozzles 50 within the external crucible 51. 
The nozzles 50 can communicate with a common cruci 
ble 52 containing the molten glass 53 that forms the 
multiple cores. Individual crucibles containing different 
glass compositions can be used in association with each 
nozzle. The outer crucible 51 contains the cladding 
glass 54. The nozzles 50 are arranged to form the de 
sired core pattern. This procedure can be used to draw 
the multicore ?ber directly or may be used in an en 
larged geometry to draw a glass preform'from which a 
multicore ?ber is then drawn by the standard preform 
technique. 
Another approach to making multicore ?bers is 

shown in FIG. 6. The technique used here is the well 
known preform technique, also described in the French 
et al paper, supra. In FIG. 6 the cladding material 60 is 
a glass tube, prepared, e.g., by extrusion, with multiple 
channels 61 extending longitudinally along the tube. 
The channels are arranged in cross section in a pattern 
similar to that shown in FIG. 3. The cores, (31-38 in 
FIG. 3) are formed by a conventional process in which 
an appropriate core precursor material is deposited via 
vapor deposition devices 62 into each of the channels 
61. The composition of the deposited material may be 
the same for each core, or may differ to give cores of 
different refractive index. After deposition the hollow 
preform is collapsed in the standard way and the multi 
core ?ber is drawn. 
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Another way to produce a preform for a multicore 
?ber is the rod and tube method described also by 
French et a1, supra. The tube in this case would be a 
cylinder of cladding material with multiple channels as 
shown in FIG. 6. Rather than depositing the core mate 
rial, as discussed above, the cores are formed by insert 
ing glass rods of appropriate core material into the 
channels and consolidating the structure. 

It is important to appreciate that the multiwaveguide 
cables described here are made most advantageously by 
twisting the multiwaveguides while the cable is being 
formed. Twisting multi?ber bundles or multicore ?bers 
after they are produced results in a highly stressed 
structure and only achieves a difference in waveguide 
length to the extent that the glass waveguides can be 
stretched. It is therefore a preferred feature of the ?ber 
bundles of this invention that individual ?bers in the 
bundle be of unequal length when unstrained. Twisting 
of ?bers for multi?ber cable was mentioned earlier. 
Twisting of the multicore structures can be achieved by 
rotating the preform or the crucibles while the multi 
core ?ber is being drawn. 

Cables incorporating the features of the invention can 
be made with only part of the overall cable length 
twisted. For example, if the multiple waveguides were 
to be used to transmit a plurality of individual signals at 
different frequency bands over a long length of cable, so 
that the signals near the end of the line arrive dispersed, 
then a terminal length of the cable can be twisted ac 
cording to the invention so that the various signals 
arrive at the terminal simultaneously. 

It is evident that selective time compression of signals 
as well as time delay can be achieved in a twisted wave 
guide cable, the difference being largely philosophical. 
Following this reasoning, systems combining both be 
come apparent. An example of such a system--a multi 
plexed system in which the central section is a single 
channel-is described below in connection with FIGS. 
7-9. A simpler system, using discrete channels, has a 
dispersive section coupled to a standard multiwave 
hguide transmission section, then another dispersive sec 

’ tion opposite to the ?rst. Signals will propagate spa 
tially out of phase throughout, which for some system 
has advantages in minimizing channel coupling phe 
nomena. 

In addition to the uses for multi?ber and multicore 
?ber cable that were mentioned earlier another applica 
tion will be described in connection with FIGS. 7 and 8. 
These show aspects of a large capacity high speed trans 
mission system that uses a single ?ber to transmit a time 
divided multiplexed signal over long distances. It as 
sumes that the data originates as optical data, with many 
simultaneous bits, as, e. g., a video display as indicated at 
70 in FIG. 7. A single video line is focused by optics 71 
onto optical de?ector 72, through a shutter indicated 
schematically at 73, and onto the ends of a multi?ber 
cable. The ends of the cable are indicated as f1, f2, f3, . 
. . f,, and are arranged along the line of the optical image. 
They can be arranged in any pattern that allows a por 
tion of the picture elements to be focused appropriately 
to inject the light into the ?bers. The cable 74 is de 
signed according to the invention and can be a multi? 
ber cable with the ?bers f1—f,, arranged by varying 
length as shown. A multicore ?ber such as that of FIG. 
3 can be used as well by simply adding connecting stubs 
to channel the light from the image plane into the cable. 
FIG. 8 describes the multiplexing of the signals injected 
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6 
into the various ?bers. An exemplary information se 
quence is indicated at the left of the ?gure. The informa 
tion from ?ve adjacent picture elements is shown as an 
idealized analog signal over a period divided into three 
time frames, t1, t2, t3. The time frames correspond, e.g., 
to the video raster rate, or whatever sampling rate is 
desired. The analog signal is shown here with three 
levels simply for simplicity. The ?ve image elements are 
focused onto ?bers f1-f5 in the manner already de 
scribed. The shutter 73, opens at the desired sampling 
rate to obtain the desired bit rate which, for example, 
may be 50 nsec. The de?ector also operates at the sam 
pling rate, which in this case is the video frame time 
divided by number of raster lines. For the purpose of 
this illustration we will choose a video system that is 
500 lines with 500 elements, n(for f,,) is 500. n can be 
reduced while maintaining the same format by operat 
ing another deflector in the vertical plane and focusing 
fewer elements at a time on the ?ber array. 
The remote ends of the multi?ber cable are combined 

onto a single ?ber indicated as fm in FIG. 8. The multi 
plexed signal that will be launched into fm, given the 
inputs shown in FIG. 8, is shown in FIG. 9. 
The receiving end of the system shown can take 

advantage of another multi?ber (or, it is to be under 
stood in each case, multicore) cable operating, as it 
were, in reverse. The signal has thereby undergone 
coding and encoding by completely passive means. 

In the example given, with the bit rate chosen at 50 
nsec, it is possible to transmit the 500>< 500 video signal 
at the conventional frame rate of 1/30 sec. Interlace can 
be introduced quite simply by appropriate timing of 
deflector 73. There is no raster retrace time in this sys 
tem and frame retrace can be eliminated by line scan 
ning in the upwarddirection as well as downward. 

Various additional modi?cations and extensions of 
this invention will become apparent to those skilled in 
the art. All such variations and deviations which basi 
cally rely on the teachings through which this invention 
has advanced the art are properly considered to be 
within the spirit and scope of this invention. 

I claim: 
1. A system for transmitting optical information com 

prising: 
a multiplicity of separate lightwave channels (? . . . 

fn) having different lightwave transit times and 
arranged so as to intercept light directed thereto 
from picture elements arranged along a ?rst axis; 

means (72) for scanning along a second axis that is 
vertical to said ?rst axis so as to direct light to said 
channels from a second line of picture elements 
that are displaced with respect to said ?rst line of 
picture elements; 

and shutter means (73) for dividing the light into time 
frames at a desired sampling rate for transmission 
through said lightwave channels. 

2. The system of claim 1 wherein said separate ligh 
twave channels each comprise an optical ?ber. 

3. The system of claim 1 wherein said shutter means 
is optically located between said picture elements and 
said multiplicity of channels so as to intercept said light. 

4. The system of claim 1 further comprising means for 
combining the light transiting said channels into a single 
lightwave transmission channel (fm). 

5. The system of claim 4 wherein said single ligh 
twave transmission channel comprises an optical ?ber. 

* * * it 4! 


